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Wireless Energy Transfer For Mobile Device Applications

Related Cases

[001] This application claims the benefit of U.S. Provisional Application No. 61/980,420
filed on 16 April 2014, U.S. Provisional Application No. 61/981,983 filed on 21 April 2014,
U.S. Provisional Application No. 62/024,419 filed on 14 July 2014, U.S. Provisional
Application No. 62/059,035 filed on 02 October 2014, U.S. Provisional Application No.
62/078,379 filed on 11 November 2014, and U.S. Provisional Application No. 62/079,817 filed

on 14 November 2014, the contents of which are all incorporated by reference.

Background

[002] Energy or power may be transferred wirelessly using a variety of known techniques
for, e.g., the purpose of doing work, such as for powering or charging electrical devices. For
example, wireless power transfer systems (e.g., highly resonant wireless power transfer
systems) may include high quality factor resonators that may be driven to generate oscillating
electromagnetic fields and that may interact with oscillating magnetic fields to generate
currents and/or voltages in electronic circuits. That is, energy may be transferred wirelessly
using oscillating magnetic fields. For instance, wireless energy exchange between a source
resonator (e.g., coupled to a power supply such as AC mains, battery, solar panels, etc.) and a
remote resonator (e.g., integrated with electronic mobile devices, enclosures, sleeves, cases,
covers, chargers, etc.) may exchange wireless energy, which as noted above, may be used to
power or charge the associated electronic mobile device.

[003] The wireless energy exchange between the source resonator and the remote (device)
resonator may be optimized when the resonators are tuned to substantially the same frequency
and when the losses in the system are minimal. As a non-limiting example, remote devices,
such as a smart phone or other mobile electronic device, may be powered directly, using the
wirelessly supplied power or energy, or the devices may be coupled to an energy storage unit

such as a battery, a super-capacitor, an ultra-capacitor, or the like (or other kind of power drain),
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where the energy storage unit may be charged or re-charged wirelessly, and/or where the
wireless power transfer mechanism may be supplementary to the main power source of the
device. However, while known resonator designs may be optimized while at a distance, these
resonators may be less optimal, e.g., in closer proximity. For instance, as a non-limiting
example, the source resonator may detune the device resonator as each resonator moves closer
in proximity to one another. Additionally, known current sensing techniques that may be used
for wireless energy transfer may, e.g., have excessive loss and power dissipation for the high
current and high frequencies used in some types of wircless energy transfer, may have
frequency restrictions used in wireless energy transfer, may be susceptible to magnetic

interference, may be expensive, and may add to the size of the overall devices.

Brief Summary of Disclosure

[004] In one example implementation, a wireless energy transfer system may include but
is not limited to a first layer of conductive material that may be positioned proximate to a
second layer. The second layer of magnetic material may be positioned proximate to the first
layer of conductive material and a third layer. The third layer may be positioned proximate to
the second layer and a fourth layer, wherein the third layer may include a first resonator coil,
wherein the first resonator coil may be configured to transfer wireless energy to a second
resonator coil when the second resonator coil is proximate to the first resonator coil. The fourth
layer may be positioned proximate to the third layer, wherein the fourth layer may include a
plurality of conductive material.

[005] One or more of the following example features may be included. At least one of a
size, a shape, and a geometric position of the plurality of pieces of conductive material may
reduce inductance shifting in the second resonator coil when the first resonator coil is
proximate to the second resonator coil. The shape may be a rectangle. The shape may be a
square. At least a first portion of the plurality of pieces of the conductive material may be a
first shape, and wherein at least a second portion of the plurality of pieces of the conductive

material may be a second shape. At least a portion of the plurality of pieces of the conductive
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material may be arranged in a checkered pattern relative to the first resonator coil. The first
resonator coil may include copper trace. For example, at least a portion of the trace may include
copper. The magnetic material may include ferrite. For example, at least a portion of the
magnetic material may include ferrite. The plurality of pieces of conductive material of the
fourth layer may include copper. The first layer of conductive material may include copper.
The first, layer may be coupled to a surface of a mobile battery unit. The magnetic material
may have a thickness less than 1 mm. The magnetic material may have a thickness less than
0.5 mm. The first resonator coil may be configured to transfer at least 5 W of energy to the
second resonator coil. The first resonator coil may be configured to transfer at least 10 W of
energy to the second resonator coil.

[006] In another example implementation, a wireless energy transfer system may include
but is not limited to a first layer of conductive material that may be positioned proximate to a
second layer. The second layer of magnetic material may be positioned proximate to the first
layer of conductive material and a third layer. The third layer may be positioned proximate to
the second layer and a fourth layer, wherein the third layer may include a plurality of pieces of
conductive material. The fourth layer may be positioned proximate to the third layer, wherein
the fourth layer may include a first resonator coil, wherein the first resonator coil may be
configured to transfer wireless energy to a second resonator coil when the second resonator
coil is proximate to the first resonator coil.

[007] One or more of the following example features may be included. At least one of a
size, a shape, and a geometric position of the plurality of pieces of conductive material may
reduce inductance shifting in the second resonator coil when the first resonator coil is
proximate to the second resonator coil. The shape may be a rectangle. The shape may be a
square. At least a first portion of the plurality of pieces of the conductive material may be a
first shape, and wherein at least a second portion of the plurality of pieces of the conductive
material may be a second shape. At least a portion of the plurality of pieces of the conductive
material may be arranged in a checkered pattern relative to the first resonator coil. The first

resonator coil may include copper trace. The magnetic material may include ferrite. The
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plurality of pieces of conductive material of the third layer may include copper. The first layer
of conductive material may include copper. The first layer may be coupled to a surface of a
mobile battery unit. The magnetic material may have a thickness less than 1 mm. The magnetic
material may have a thickness less than 0.5 mm. The first resonator coil may be configured to
transfer at least 5 W of energy to the second resonator coil. The first resonator coil may be
configured to transfer at least 10 W of energy to the second resonator coil.

[008] In another example implementation, a resonator for a wireless energy transfer
system may include but is not limited to a first resonator coil, wherein the first resonator coil
may be configured to transfer wireless energy to a second resonator coil when the first resonator
coil is proximate to the second resonator coil. A first winding of trace may be included in the
first resonator coil, wherein the first winding of trace may include conductive material. A
second winding of trace may be included in the first resonator coil, wherein the second winding
of trace may include conductive material. A portion of the trace of the first winding may cross
over a portion of the trace of the second winding at a crossover point.

[009] One or more of the following example features may be included. The portion of
the trace for the first winding may cross over the portion of the trace for the second winding at
the crossover point without physical contact between the portion of the trace for the first
winding and the portion of the trace for the second winding. The first resonator coil may be
printed on a printed circuit board, wherein the portion of the trace for the first winding may
stop on a first side of the printed circuit board at the crossover point and may continue on a
second side of the printed circuit board, wherein the portion of the trace for the second winding
on the second side of the printed circuit board may stop on the second side and may continue
on the first side after the crossover point. The portion of the trace for the first winding may
stop on the first side of the portion of the trace for the second winding on a first layer of a
printed circuit board before reaching the crossover point, and may continue on the second side
of the portion of the trace for the second winding on a second layer of the printed circuit board
after reaching the crossover point. A second portion of the trace for the first winding may cross

over a second portion of the trace for the second winding at a symmetrical crossover point.
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The crossover point may occur in a middle portion of the first resonator coil. The crossover
point may occur in an end portion of the first resonator coil. The trace of at least one of the
first winding and second winding may include copper coil. A first layer of conductive material
may be included and positioned proximate to a second layer. The second layer of magnetic
material may be included and positioned proximate to the first layer of conductive material and
a third layer. The third layer may be included and positioned proximate to the second layer
and a fourth layer, wherein the third layer may include a first resonator coil. The fourth layer
may be included and positioned proximate to the third layer, wherein the fourth layer may
include a plurality of pieces of conductive material.

[0010] In another example implementation, a wircless energy transfer system may include
but is not limited to a first layer of conductive material that may be positioned proximate to a
second layer. The second layer of magnetic material may be included and positioned proximate
to the first layer of conductive material and a third layer. The third layer may be positioned
proximate to the second layer and a fourth layer, wherein the third layer may include a first
resonator coil, wherein the first resonator coil may be configured to transfer wireless energy to
a second resonator coil when the first resonator coil is proximate to the second resonator coil.
A first winding of trace may be included in the first resonator coil, wherein the first winding
of trace may include conductive material. A second winding of trace may be included in the
first resonator coil, wherein the second winding of trace may include conductive material. A
portion of the trace for the first winding may cross over a portion of the trace for the second
winding at a crossover point. The fourth layer may include a plurality of pieces of conductive
material.

[0011] One or more of the following example features may be included. The portion of
the trace for the first winding may cross over the portion of the trace for the second winding at
the crossover point without physical contact between the portion of the trace for the first
winding and the portion of the trace for the second winding. The first resonator coil may be
printed on a printed circuit board, wherein the portion of the trace for the first winding may

stop on a first side of the printed circuit board at the crossover point and may continue on a
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second side of the printed circuit board, wherein the portion of the trace for the second winding
on the second side of the printed circuit board may stop on the second side and may continue
on the first side after the crossover point. The portion of the trace for the first winding may
stop on the first side of the portion of the trace for the second winding on a first layer of a
printed circuit board before reaching the crossover point, and may continue on the second side
of the portion of the trace for the second winding on a second layer of the printed circuit board
after reaching the crossover point. A second portion of the trace for the first winding may cross
over a second portion of the trace for the second winding at a symmetrical crossover point.
The crossover point may occur in a middle portion of the first resonator coil. The crossover
point may occur in an end portion of the first resonator coil. The trace of at least one of the
first winding and second winding may include copper coil. At least one of a size, a shape, and
a geometric position of the plurality of pieces of conductive material may reduce inductance
shifting in the second resonator when the first resonator coil is proximate to the second
resonator coil.

[0012] In another example implementation, a current sensing system for wireless energy
transfer may include but is not limited to a printed circuit board, wherein the printed circuit
board may include at least a first layer, a second layer, and a third layer. A loop of conductive
material may be included, wherein the loop of conductive material may include a diameter D3
on the second layer. A coil of conductive material may be included, wherein the coil of
conductive material may have at least 2 turns, wherein the coil of conductive material may
occupy the first layer and the third layer with an outer diameter D1 and an inner diameter D2,
connected through each of the first, second, and third layers. The loop of conductive material
may be coupled to the coil of conductive material.

[0013] One or more of the following example features may be included. A current value
of a conductor may be measured by routing the conductor through the inner diameter D2 of the
coil of conductive material. The conductor may be part of a resonator coil. A parallel resonant
circuit may be included and may remove harmonic content. A differential amplifier with a

voltage output may be included. Peak detector circuitry may be included and may include an
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operational amplifier to track a peak of the voltage output and determine a measured current
value of a conductor. A fourth layer proximate to the second and third layers may be included,
wherein the fourth layer may include an additional loop of conductive material coupled to at
least one of the loop of conductive material and the coil of conductive material, wherein the
additional circular loop of conductive material may have a diameter D3 on the fourth layer.
The coil of conductive material may include copper trace. The coil of conductive material may
be configured with at least one of a straight return and a balanced winding. Currents with
frequencies within a range of 85 kHz to 20 MHz may be configured to be measured. The coil
of conductive material may have at least 15 turns.

[0014] In another example implementation, a method, performed by a current sensing
system, may include but is not limited to driving a conductor with alternating current. An
amplitude value and phase value of the alternating current may be measured using the current
sensing system.

[0015] The details of one or more example implementations are set forth in the
accompanying drawings and the description below. Other possible example features and/or
possible example advantages will become apparent from the description, the drawings, and the
claims. Some implementations may not have those possible example features and/or possible
example advantages, and such possible example features and/or possible example advantages

may not necessarily be required of some implementations.

Brief Description of the Drawings

[0016] Fig. 1 is an example diagrammatic view of a wircless energy transfer system
according to one or more example implementations of the disclosure;

[0017] Fig. 2A is an example diagrammatic view of a device resonator coil according to
one or more example implementations of the disclosure and Fig. 2B is an example
diagrammatic view of a source resonator coil according to one or more example
implementations of the disclosure;

[0018] Fig. 3 is an example diagrammatic view of a device resonator according to one or
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more example implementations of the disclosure;

[0019] Fig. 4 is an example diagrammatic view of a wireless energy source according to
one or more example implementations of the disclosure;

[0020] Fig. 5 is an example diagrammatic view of a wircless energy transfer system
according to one or more example implementations of the disclosure;

[0021] Fig. 6 is an example diagrammatic view of a wireless energy source according to
one or more example implementations of the disclosure;

[0022] Fig. 7 is an example diagrammatic view of a wircless energy transfer system
according to one or more example implementations of the disclosure;

[0023] Fig. 8 is an example diagrammatic view of a wircless energy transfer system
according to one or more example implementations of the disclosure;

[0024] Fig. 9 is an example diagrammatic view of a wireless energy source according to
one or more example implementations of the disclosure;

[0025] Fig. 10 is an example diagrammatic view of a wireless energy source according to
one or more example implementations of the disclosure;

[0026] Figs. 11A-11B are example diagrammatic views of wireless energy transfer systems
according to one or more example implementations of the disclosure;

[0027] Figs. 12A-12H are example diagrammatic views of layers of a wireless energy
source according to one or more example implementations of the disclosure;

[0028] Fig. 13 is an example diagrammatic view of a source resonator coil according to
one or more example implementations of the disclosure;

[0029] Fig. 14A is an example diagrammatic view of one or more source resonator coils
according to one or more example implementations of the disclosure, Figs. 14B-14C are
example diagrammatic views of wireless energy transfer systems according to one or more
example implementations of the disclosure, and Fig. 14D is an example diagrammatic view of
layers of a source resonator coil according to one or more example implementations of the
disclosure;

[0030] Fig. 15 is an example diagrammatic view of a source resonator coil according to
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one or more example implementations of the disclosure;

[0031] Fig. 16 is an example diagrammatic view of a source resonator coil according to
one or more example implementations of the disclosure;

[0032] Fig. 17 is an example diagrammatic view of a source resonator coil according to
one or more example implementations of the disclosure;

[0033] Fig. 18 is an example diagrammatic view of a source resonator coil according to
one or more example implementations of the disclosure;

[0034] Figs. 19A-19B are example diagrammatic views of source resonator coils according
to one or more example implementations of the disclosure;

[0035] Fig. 20 is an example diagrammatic view of a source resonator coil according to
one or more example implementations of the disclosure;

[0036] Fig. 21 is an example diagrammatic view of a current sensor for a wireless energy
transfer system according to one or more example implementations of the disclosure;

[0037] Fig. 22 is an example diagrammatic view of a current sensor for a wireless energy
transfer system according to one or more example implementations of the disclosure;

[0038] Fig. 23 is an example graph of output measurements of an example current sensor
for a wireless energy transfer system according to one or more example implementations of the
disclosure;

[0039] Fig. 24 is an example schematic diagrammatic view for a current sensor for a
wireless energy source according to one or more example implementations of the disclosure;

[0040] Fig. 25 is an example schematic diagrammatic view for a current sensor for a
wireless energy source according to one or more example implementations of the disclosure;
and

[0041] Fig. 26 is an example graph of output measurements of an example current sensor
for a wireless energy transfer system according to one or more example implementations of the
disclosure.

[0042] Like reference symbols in the various drawings indicate like elements.
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Detailed Description

[0043] Various aspects of wireless power transfer systems are disclosed, for example, in
commonly owned U.S. Patent Application Publication No. 2010/0141042 A1, U.S. Patent
Application Publication No. 2014/0049118 Al, U.S. Patent Application Publication No.
2012/0119569 Al, and U.S. Patent Application Publication 2013/0069753 Al, the entire
contents of which are incorporated by reference herein.

[0044] As noted above, energy or power may be transferred wirelessly using a variety of
known techniques for, e.g., the purpose of doing work, such as for powering or charging
clectrical devices. For example, wireless power transfer systems (e.g., highly resonant wireless
power transfer systems) may include high quality factor resonators that may be driven to
generate oscillating electromagnetic fields and that may interact with oscillating magnetic
fields to generate currents and/or voltages in electronic circuits. That is, energy may be
transferred wirelessly using oscillating magnetic fields. For instance, wireless energy exchange
between a source resonator (e.g., coupled to a power supply such as AC mains, battery, solar
panels, etc.) and a remote (device) resonator (e.g., integrated with mobile devices, enclosures,
sleeves, cases, covers, chargers, etc.) may exchange wireless energy, which as noted above,
may be used to power or charge the associated mobile device. Resonators, such as
clectromagnetic resonators, may include an inductive element (e.g., a loop of conductive
material such as copper), a distributed inductance, or a combination of inductances, with
inductance, L, and a capacitive element, a distributed capacitance, or a combination of
capacitances, with capacitance, C. Provided with initial energy, such as electric field energy
stored in the capacitor, the system may oscillate as the capacitor discharges transferring energy
into magnetic field energy stored in the inductor which in turn may transfer energy back into
electric field energy stored in the capacitor 104. The terms “loop” or “coil” may be used to
indicate generally a conducting structure (e.g., wire, tube, strip/trace, etc.), that may enclose or
encompass a surface of any shape and dimension, with any number of turns. More in-depth

descriptions and examples of resonators for wireless energy transfer may be found in one or
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more of the above-noted commonly owned patent applications.

[0045] Referring at least to Fig. 1, an example representation of a wireless energy transfer
system 100 is shown. In some implementations, wircless energy transfer system 100 may be
for mobile device applications, and may include, e.g., one or more sources (e.g., source 104)
and one or more devices (e.g., device 102). In some implementations, a power supply coupled
to a source may be a direct current (DC) (e.g., battery or other DC power source) or an
alternating current (AC) (e.g., wall source or other AC power source). In some
implementations, a microcontroller (e.g., microcontroller 106) may drive a power amplifier
(e.g., power amplifier 108) at an operating frequency. In some implementations,
microcontroller 106 may be used to drive power amplifier 108 as a means of in-band
communication. The resonant frequency of a source resonator (e.g., source resonator 110) may
be the same as the operating frequency. In some implementations, the operating frequency may
include so-called “high frequencies”, which may be equal to or greater than 85 KHz, greater
than 200 KHz, or greater than 1 MHz. In some implementations, the operating frequency may
include high frequencies, such as 6.78 MHz or 13.56 MHz. It will be appreciated that various
other frequencies, including lesser frequencies than noted above, may be used without
departing from the scope of the disclosure. In some implementations, power amplifier 108
may be, e.g., a class D or E amplifier. However, it will be appreciated that other classes of
amplifiers may be used without departing from the scope of the disclosure. Source 104 may
have a means of out-of-band wireless communication with device 102, such as Bluetooth or
WiFi.

[0046] In some implementations, the wireless energy device (e.g., device 102) may include
a device resonator (e.g., device resonator 112) designed to capture oscillating magnetic fields
gencrated by the wireless energy source (e.g., source 104 via source resonator 110). Device
102 may also have a means of out-of-band wireless communication with source 104. Device
102 may include a controller (e.g., embedded controller 114) to manage power. The output of
device 102 may be a load, such as a battery, appliance, mobile electronic device, etc. It will be

appreciated that various other aspects of device 102 and source 104, such as impedance
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matching networks, etc. may be included without departing from the scope of the disclosure.
More in-depth descriptions and examples of sources, devices, and their associated
interactions/uses for wireless energy transfer may be found in one or more of the above-noted
commonly owned patent applications. As such, the examples and descriptions of any particular
implementations (e.g., configurations, components, electronic devices) of the disclosure should
be taken as examples only and not to otherwise limit the scope of the disclosure.

[0047] In some implementations, one or more device resonators and their associated
clectronics may be integrated into an enclosure of a mobile device. For example, as will be
discussed in greater detail below, the resonator and electronics may designed such that the
profile is thin enough, e.g., to fit into the back of a mobile phone enclosure. As another
example, the resonator and electronics may designed such that the profile is thin enough, e.g.,
to be integrated into a sleeve or attachment for the mobile device, as well as a charging pad on
which to rest the mobile device. The sleeve or attachment may be fitted onto the mobile device
via a port of the mobile device. The energy captured by the device resonator(s) and electronics
may be used to charge the battery of the mobile device directly (e.g., by a wired connection or
via a charging port of the mobile device). In some implementations, the sleeve or attachment
for the mobile device may include one or more shields made of, e.g., copper, magnetic material,
aluminum, and the like. In some implementations, a shicld may be used to reduce magnetic
field losses in the environment of the sleeve, reduce magnetic field losses in the mobile device,
and/or used as a guide for the magnetic field. The sleeve may, in some implementations, be
designed such that it does not block ports, speakers, lights, cameras, and the like of the mobile
device. More in-depth descriptions and examples of shielding for wireless energy transfer may
be found in one or more of the above-noted commonly owned patent applications.

[0048] In some implementations, and referring at least to Fig. 2A , an example device
resonator coil 112a is shown. As noted above, the resonator coil may be integrated in, ¢.g., a
mobile electronic device, a sleeve, or case for a mobile electronic device, such as a mobile
phone, a smartphone, a tablet, and the like. In some implementations, resonator coil 112a may

be optimized for the mobile electronic device to efficiently receive, e.g., at least 3 W of power,
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at least 5 W of power, or greater, and the efficiency of power transfer may be, e.g., greater than
30%, greater than 50%, greater than 70%, or more. Fig. 2B shows an example implementation
of a source resonator coil 112b that may be integrated into a pad, surface, tabletop, and like.

[0049] In some implementations, and referring at least to Fig. 3, another example device
resonator coil 112¢ is shown. As noted above, the resonator coil may be integrated into a
mobile electronic device, such as a Bluetooth headset, a sensor, a wearable, and the like. In
some implementations, resonator coil 112c may be optimized for an electronic device to
efficiently receive, e.g., at least 0.5 W of power, at least 1 W of power, or greater, and the
efficiency of power transfer may be, e.g., greater than 10%, greater than 20%, greater than
30%, or more. More in-depth descriptions and examples of power transfer optimization for
wireless energy transfer may be found in one or more of the above-noted commonly owned
patent applications.

[0050] As noted above, the wireless energy exchange between the source resonator and the
device resonator may be optimized when the resonators are tuned to substantially the same
frequency and when the losses in the system are minimal. As a non-limiting example, devices,
such as a smart phone, may be powered directly, using the wirelessly supplied power or energy,
or the devices may be coupled to an energy storage unit such as a battery, a super-capacitor, an
ultra-capacitor, or the like (or other kind of power drain), where the energy storage unit may
be charged or re-charged wirelessly, and/or where the wireless power transfer mechanism may
be supplementary to the main power source of the device.

[0051] However, while known resonator designs may be optimized while the source is at a
distance from the device, these resonators may be less optimal in closer proximity. For
instance, the source resonator may detune the device resonator as each resonator moves closer
in proximity to one another. More specifically, for a wireless energy source having magnetic
material, the inductance of the device resonator may be shifted as the device approaches the
source, which may decrease efficiency. While magnetic material may be used to reduce losses
in the magnetic field due to lossy materials in the environment or the electronics to which the

source resonator is coupled, an inductance shift in the device resonator may still result in a
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greater-than-expected or lower-than-expected output voltage. For instance, in the example
scenario of greater-than-expected output voltage, the device resonator may sustain damage to
its electronics and/or to the load (such as a smart phone). In the example scenario of lower-
than-expected output voltage, the device resonator may not be able to capture enough power

for efficient operation.

Wireless Energy Transfer System with Multiple Pieces of Magnetic Material:

[0052] In some implementations, a source for wirclessly transferring energy may include
a plurality of layers. For instance, one of the layers may include a conductive material (e.g.,
copper), which may be coupled to a power source. Another layer may include a magnetic
material, and yet another layer may include a resonator that is configured to exchange wireless
energy with another resonator when each resonator is in close enough proximity to one another.
It will be appreciated that other layers may be included as well. As noted above, while magnetic
material may be used to reduce losses in the magnetic field due to, e.g., lossy materials in the
environment or the electronics to which the source resonator is coupled, an inductance shift in
the device resonator may still result in a greater-than-expected or lower-than-expected output
voltage. For instance, the inductance of the device resonator may be increased in response to
nearby magnetic material (e.g., such as when the device approaches the source to wirelessly
charge). In some implementations, to counter this increase, parts of the magnetic material used
in the source may be removed or arranged. For example, as discussed above and referring also
at least to Figs. 4-5, a source resonator coil 406 with a center hole 410 in magnetic material
408 of an example source (e.g., source 402) may cause the inductance of a device resonator to
return to approximately its original value. Put another way, the “original value” of the device
inductance may be broadly described as the self-inductance of the device resonator in free
space. In some implementations, and referring at least to Fig. 5, when an example device (e.g.,
device 404) is offset relative to source 402, the inductance may still shift, which may be caused

by, e.g., device 404 being directly over magnetic material 408. For instance, assume for
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example purposes only that for a 20 mm by 40 mm positional translation relative to the center
of source resonator 406, the inductance may still vary, e.g., about 17%. As another example,
for a 10 mm by 20 mm positional translation relative to the center of source resonator 406, the
inductance may still vary, e.g., about 5.6%.

[0053] In some implementations, the size, shape, geometric position, or combination
thereof of a plurality of pieces of the magnetic material in the source may reduce inductance
shifting in the device resonator when proximate to the device resonator. For instance, and
referring at least to Figs. 6-7, to avoid shifting the inductance, the magnetic material may be
arranged in a plurality of horizontal bars 608 proximate to source resonator coil 602. For
instance, for an example 20 mm by 40 mm positional translation of device resonator coil 604
relative to the center of source resonator coil 602, the inductance may vary about 15%. For an
example 10 mm by 20 mm positional translation relative to the center of source resonator coil
602, the inductance may vary about 4.3%.

[0054] As another example, and referring at least to Fig. 8, in some implementations, to
avoid shifting the inductance, the magnetic material may be shaped and arranged in vertical
bars 610 relative to source resonator coil 606. For instance, for a 20 mm by 40 mm positional
translation of device resonator coil 604 relative to the center of source resonator coil 606, the
inductance may vary about 17%. For an example 10 mm by 20 mm positional translation
relative to the center of source resonator coil 606, the inductance may vary about 7.2%.

[0055] As yet another example, and referring at least to Figs. 9-10, in some
implementations, to avoid shifting the inductance, the magnetic material may be arranged in a
checkerboard pattern relative to the source resonator coil 902. For instance, the checkerboard
pattern of magnetic material may be coarser, such as shown in example Fig. 9, or more fine,
such as shown in example Fig. 10. In the example shown in Fig. 9 with the coarse configuration
of magnetic material 904, for an example 20 mm by 40 mm positional translation relative to
the center of source resonator coil 902, the inductance may vary about 11%. For an example
10 mm by 20 mm positional translation relative to the center of source resonator coil 902, the

inductance may vary about 2.2%. In the example shown in Fig. 10 with the fine configuration
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of magnetic material 906, for an example 20 mm by 40 mm positional translation relative to
the center of source resonator coil 902, the inductance may vary about 12%. For an example
10 mm by 20 mm positional translation relative to the center of source resonator coil 902, the
inductance may vary about 1.4%.

[0056] As such, by using different shapes, sizes, and geometric patterns of magnetic
materials for the source, the amount of inductance shifting for the device resonator may be
reduced. It will be appreciated that different shapes, sizes, geometric patterns and combinations
thereof of magnetic material may be used without departing from the scope of the disclosure.
For example, at least a first portion of the plurality of pieces of magnetic material may be a
first shape (e.g., square), and at least a second portion of the plurality of pieces of the magnetic
material may be a second shape (e.g., rectangular). As another example, at least a first portion
of the plurality of pieces of magnetic material may be a first size (e.g., 10 mm by 20 mm), and
at least a second portion of the plurality of pieces of the magnetic material may be a second
size (e.g., 20 mm by 40 mm). As yet another example, at least a first portion of the plurality
of pieces of magnetic material may be a first pattern (e.g., checkered pattern), and at least a
second portion of the plurality of pieces of the magnetic material may be a second pattern (e.g.,
horizontal bars). As such, the description of particular sizes, shapes, and geometric patterns of
magnetic material should be taken as example only and not to otherwise limit the scope of the
disclosure. As will be discussed in greater detail below, similar variations in shapes, sizes,
geometric patterns and combinations thereof of conductive material may be used, as well as
mixing variations in shapes, sizes, geometric patterns and combinations thereof of conductive

material and magnetic material may be used.

Wireless Energy Transfer System with Multiple Pieces of Conductive

material:

[0057] As noted above, while magnetic material may be used to reduce losses in the

magnetic field due to lossy materials in the environment or the electronics to which the source
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resonator may be coupled, an inductance shift in the device resonator may still result in a
greater-than-expected or lower-than-expected output voltage. In some implementations, to
avoid shifting the inductance of the device resonator, portions of the magnetic material and/or
the source resonator coil of the source may be covered by conductive material.

[0058] As discussed above and referring also at least to Fig. 11A, an example source 1104
and device 1102 (not to scale) are shown. In the example, device 1102 may include a device
resonator coil 1110 and a load (e.g., represented as part of a mobile electronic device 1106). In
some implementations, a wireless energy transfer system may include a first layer of
conductive material (e.g., conductive material 1114), wherein conductive material 1114 may
be configured to cover some or all of the surface of a power supply 1112. In some
implementations, the first layer of conductive material 1114 may be copper. However, it will
be appreciated that other examples of conductive material, such as aluminum, may also be used
without departing from the scope of the disclosure. In some implementations, the power supply
may be a battery. However, it will be appreciated that other example power supplies may be
used without departing from the scope of the disclosure.

[0059] In some implementations, a second layer of magnetic material (e.g., magnetic
material 1116) may be positioned proximate to (e.g., between) the first layer of conductive
material and a third layer. In some implementations, magnetic material 1116 may include
ferrite. It will be appreciated that other magnetic materials may be used without departing from
the scope of the disclosure. As discussed above, magnetic material 1116 may be used to shield
device resonator coil 1110 from mobile electronic device 1106. In some implementations,
magnetic material 1116 may have a thickness less than 1 mm. In some implementations,
magnetic material 1116 may have a thickness less than 0.5 mm. However, it will be appreciated
that magnetic material 1116 may have various other thicknesses depending on the desired
characteristics of source 1104. In some implementations, the thickness of the magnetic material
may depend on the expected power level of transfer. Magnetic materials may saturate when
exposed to higher magnetic fields at higher power levels. Thus, thicker magnetic materials may

have higher saturation points. For example, for a source transferring approximately 10 W of
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power, 0.3 mm of magnetic material may be sufficient. In some implementations, the thickness
of magnetic material may additionally range from, e.g., 0.3 to 0.7mm, Imm+, etc.

[0060] In some implementations, the third layer may be positioned proximate to (e.g.,
between) the second layer and a fourth layer, where the third layer may include a plurality of
pieces of conductive material (e.g., pieces of conductive material 1118). As will be discussed
in greater detail below, in some implementations, the pieces of conductive material 1118 placed
between source resonator coil 1120 and magnetic material 1116 may have various shapes, sizes,
and patterned positions (similar to the above discussion of the pieces of magnetic material, as
well as shown at least in Figs. 6-10).

[0061] In some implementations, the fourth layer may be positioned proximate to the third
layer, wherein the fourth layer may include a first resonator coil (e.g., source resonator coil
1120), and wherein source resonator coil 1120 may be configured to transfer wireless energy
with a second resonator coil (e.g., device resonator coil 1110) when source resonator coil 1120
is proximate to device resonator coil 1110 (e.g., within the charging area). For instance, as
noted above, wireless energy transfer between a source resonator (e.g., which may be coupled
to a power supply such as AC mains, battery, solar panels, etc.) and a device resonator (e.g.,
integrated with mobile devices, enclosures, sleeves, cases, covers, chargers, etc.) which as is
also noted above, may be used to power or charge the associated (mobile) electronic device.

[0062] In some implementations, source resonator coil 1120 may include copper trace. For
instance, source resonator coil 1120 may be designed within a printed circuit board (PCB) using
known techniques. It will be appreciated that, as appropriate, a PCB may encompass numerous
variations, such as a printed wiring board (PWB), a printed circuit assembly (PCA), printed
circuit board assembly (PCBA), etc., or combination thereof. As such, where appropriate, the
term “printed circuit board” or “PCB” used throughout may be interpreted as including one or
more of the above-noted variations. In some implementations, at least one of the first, second,
third, and fourth layers may be on different planes of the PCB. For instance, in the example,
assume that at least a two layer (plane) PCB is used. In the example, the PCB may contain

source resonator coil 1120 on the second layer (e.g., second plane) of the PCB, and the plurality
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of pieces of conductive material 1118 may be on one or more different layers (e.g., first plane)
of the PCB. In some implementations, various combinations of plane locations may be used
without departing from the scope of the disclosure. For instance, a portion of the plurality of
pieces of conducting material 1118 may be located on one of the PCB planes, and a second
portion of the plurality of pieces of conducting material 1118 may be located on another of the
PCB planes. In some implementations, two of the planes may be the same plane. In some
implementations, at least some of the layers need not be part of the PCB. For instance, in some
implementations, conducting material 1114 may be a separate piece of material coupled to the
top (or bottom) of the PCB. In some implementations, only the two layers of the conductive
material may be within the PCB, where the remaining layers may be outside the PCB. As such,
the description of any number of layers being within a PCB should be taken as an example only
and not to limit the scope of the disclosure.

[0063] In some implementations, the traces of source resonator coil 1120 may be increased
to increase its quality factor. For example, there may be a greater number of loops, greater
amount of conductive material used to create the traces, and the like. More in-depth
descriptions and examples of resonator quality factor (i.e., Q-factor) for wireless energy
transfer may be found in one or more of the above-noted commonly owned patent applications.
In response, the pieces of conductive material below source resonator coil 1120 may be
decreased to compensate for the increased amount of conductive material that device resonator
1110 may “see” or be affected by.

[0064] It will be appreciated that the order of the above-noted source layers may be
configured in a different order. For instance, referring at least to Fig. 11B, source 1104 may
have a first layer consisting of conductive material 1114, a second layer consisting of magnetic
material 1116, a third layer consisting of one or more source resonator coils 1120, and a fourth
layer consisting of the plurality of pieces of conductive material 1118. In other words, in some
implementations, the fourth layer consisting of the plurality of pieces of conductive material
1118 may be the outer layer that faces device 1102. As such, the described order of the “layers”

should be taken as example only and not to otherwise limit the scope of the disclosure.
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Similarly, the use of the terms “first layer”, “second layer”, etc. need not denote a particular
order of layers.

[0065] In some implementations, the first layer may be configured to be coupled to a
surface of a mobile battery unit 1112. For instance, as noted above, the above example
configurations may perform satisfactorily to exchange wireless energy at a size small enough
to be integrated as part of a mobile battery unit without necessarily changing the footprint of
the mobile battery unit itself. In some implementations, the “connection” to mobile battery
unit 1112 may be a physical mechanical connection, as opposed to a direct electrical connection
(or vice versa). In the example, the resonator may include, e.g., ferrite and metal shielding to
prevent magnetic field interaction with mobile battery unit 1112,

[0066] In some implementations, as will be discussed in greater detail below, source 1104
may include a plurality of source resonators. For instance, in some implementations, two or
more source resonators may be used side by side (e.g., horizontally or in the same plane as one
another) with their respective horizontal axis aligned (or not aligned), as well as vertically (e.g.,
above/below) each other in different planes with their respective vertical axis aligned (or not
aligned) to increase coupling between device resonator 1110 and at least one of the source
resonators. In some implementations, the two or more source resonators may be connected in
series and/or in parallel. As such, the description of a single (e.g., source) resonator should be
taken as example only, and may be interpreted as being more than one source resonator.

[0067] In some implementations, and referring at least to Fig. 12A, a source resonator coil
1202 may be symmetric about axis 1204. In some implementations, source resonator coil 1202
may have a one or more loops (e.g., three or more loops, as shown in Fig. 12A) or four or more
loops (as shown in Fig. 12C). It will be appreciated that any number of loops may be used
according to the desired characteristics of source resonator coil 1202. For example, source
resonator coil 1202 may be optimized for transferring power to a wireless device resonator
approximately 3 mm in distance away from the surface of source resonator coil 1202 (in the Z-
direction or out of the page). In some implementations, the source resonator coil 1202 may be

optimized for the size of the device resonator coil and/or for different distances to the device
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resonator coil. For example the distance may be 3 mm, 5 mm, 10 mm, or greater.

[0068] In some implementations, as discussed above and also referring at least to Figs.
12A-12H, the pieces of conductive material 1118 placed between source resonator coil 1120
and magnetic material 1116 may have various shapes, sizes, and patterned (or non-patterned)
positions (similar to the above discussion of the pieces of magnetic material at least in Figs. 6-
10). In some implementations, at least one of a size, a shape, and a geometric position of the
plurality of pieces of conductive material 1118 may reduce inductance shifting in the device
resonator coil 1110 when source resonator coil 1120 is proximate to device resonator coil 1110.
For instance, the pieces of conductive material 1118 may be larger in size and placed closer to
one another in the center of source resonator coil 1120 where there may be greater exposure to
magnetic material, as seen by device resonator coil 1110. For example, Fig. 12B shows an
example implementation with a plurality of conductive material pieces 1118 that may be placed
under source resonator coil 1202 (e.g., aligning axis 1204 from Fig. 12A with axis 1204 from
Fig. 12B) to decrease the variation in device resonator coil 1110 inductance. In the example,
various shapes, sizes, and geometric patterns of the conductive material pieces 1118 are shown.
For example, the shape may be a rectangle. As yet another example, the shape may be a square.
As yet another example, at least a first portion of the plurality of pieces of the conductive
material 1118 may be a first shape, and wherein at least a second portion of the plurality of
pieces of the conductive material 1118 may be a second shape. As yet another example, at least
a portion of the plurality of pieces of the conductive material 1118 may be horizontal relative
to a center of the first resonator coil. As yet another example, at least a portion of the plurality
of pieces of the conductive material 1118 may be vertical relative to a center of the first
resonator coil. As yet another example, at least a portion of the plurality of pieces of the
conductive material 1118 may be arranged in a checkered pattern relative to the first resonator
coil. As can be seen from Fig. 12B, the pieces of conductive material 1118 may be more dense
and/or of greater size towards the center of source resonator coil 1202. In some
implementations, as noted above, the plurality of pieces of conductive material 1118 may be

copper (or other conductive material).
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[0069] As another example, and referring at least to Figs. 12C-12D, source resonator coil
1206 may have four turns of conductive trace and be optimized for transferring power to a
wireless device resonator approximately 3 mm or greater in distance away from the surface of
source resonator coil 1206 (e.g., in the Z-direction or out of the page). Similar to Fig. 12B, Fig.
12D shows an example implementation of conductive material pieces 1118 placed under source
resonator coil 1206 (e.g., aligning axis 1208 from Fig. 12C with axis 1208 from Fig. 12D) to
decrease the variation in the device resonator coil inductance. In the example implementation,
the pieces of conductive material may be more dense and/or of greater size towards the center
of source resonator coil 1206.

[0070] As another example, and referring at least to Figs. 12E-12F, source resonator coil
1202 (also shown in Fig. 12A) may be optimized for transferring power to a wireless device
resonator approximately 3 mm or greater in distance away from the surface of source resonator
coil 1202 (e.g., in the Z-direction or out of the page). Similar to Fig. 12B, Fig. 12F shows an
example implementation of conductive material pieces 1118 placed under source resonator coil
1202 (e.g., aligning axis 1204 from Fig. 12E with axis 1204 from Fig. 12F) to decrease the
variation in the device resonator coil inductance. In the example, the pieces of conductive
material 1118 may be slightly more uniform in shape, size, and pattern in the center of source
resonator coil 1202 as compared to Fig. 12B.

[0071] As another example, and referring at least to Figs. 12G-12H, source resonator coil
1206 (also shown in Fig. 12C) may be optimized for transferring power to a wireless device
resonator approximately 3 mm or greater in distance away from the surface of source resonator
1206 (e.g., in the Z-direction or out of the page). Similar to Fig. 12B, Fig. 12H shows an
example implementation of conductive material pieces 1118 placed under source resonator coil
1206 (e.g., aligning axis 1208 from Fig. 12G with axis 1208 from Fig. 12H) to decrease the
variation in the device resonator coil inductance. In the example, the pieces of conductive
material 1118 may be slightly more uniform in shape, size, and pattern in the center of source
resonator coil 1202 as compared to Fig. 12B.

[0072] It will be appreciated that other source and resonator designs may be used according
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to desired characteristics without departing from the scope of the disclosure. For example, and
referring at least to Fig. 13, an example resonator coil 1302 may be optimized for transferring
power to a wireless device resonator approximately up to and including 46 mm in distance
away from the surface of source resonator coil 1302 (e.g., in the Z-direction or out of the page).
In the example, the resonator coil 1302 may be approximately 142 mm by 192 mm. Further
in the example, source resonator coil 1302 may be able transfer equal to or greater than 10 W
of power, greater than 15 W of power, greater than 30 W, or more.

[0073] In some implementations, as noted above, source 1104 may include a plurality of
source resonators. For instance, and referring at least to Fig. 14A, an example two-layered
resonator coil for a wireless energy source is shown. That is, layer 1404 may include one
source resonator coil, and layer 1404 may include another source resonator coil. As such, the
description of a single source resonator coil should be taken as example only. In the example,
the resonator coil may be optimized for transferring power to a wireless device resonator at
approximately, e.g., 6 mm (£ 1 mm) in distance away from the surface of the source resonator
(e.g., in the Z-direction or out of the page). For instance, the two layers 1402 and 1404 of the
resonator coil may be printed on two layers of a PCB, where axis 1406 may align with axis
1408. The example source resonator coils may be able to transfer greater than 30 W of power.
In some implementations, it may be beneficial to have two or more layers of resonator coils to
produce a magnetic field with minimum variation in strength in one or more directional
components. For example, a two-layer resonator coil may minimize variation in the strength of
the vertical component of the magnetic field. The multi-layer nature of the resonator coil may
enable greater movement in both the X and Y offsets of the device resonator by creating a
sufficiently large active area. In some implementations, the active area may be defined as the
area over which the variation in the magnetic field is minimized. In some implementations, the
two layers of the PCB containing each portion of the resonator coil may be printed on the PCB
such that the layers are far apart enough to reduce or eliminate the parasitic capacitance that
may occur between the traces on the two layers. In some implementations, the layers

containing each portion of the resonator coil may be at least 0.5 mm apart, at least | mm apart,
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at least 2 mm apart, at least 4 mm apart, or greater. In some implementations, the two layers
of the PCB containing each portion of the resonator coil may be printed on a circuit board such
that the layers are far apart enough to reduce or eliminate the self-resonance of the resonator.

[0074] In some implementations, and referring at least to Fig. 14B, an example of a
wireless power system is shown with two or more source resonators (e.g., 1410 and 1412) and
a device resonator (e.g., 1414). In the example, source resonators 1410 and 1412 may be
switchably coupled to a controller that may switch between source resonator 1410 and 1412
respectively to transfer power at a height of Z1 and/or Z2. In some implementations, and
referring at least to Fig. 14C, an example of a wireless power system is shown with two or
more source resonators (e.g., 1410 and 1412) and two or more device resonators (e.g., 1414
and 1416). In some implementations, a controller may switch between two different source
resonators 1410 and 1412, which may be configured for maximum field uniformity and/or
maximum resonator coil-to-coil efficiency. For instance, in one example, a controller may
switch to one of the source resonators 1410, 1412 for maximum field uniformity at low Z-
height Z1 for the closer device resonator 1416. In another example, a controller may switch to
one of the other source resonators 1410, 1412 for maximum resonator coil-to-coil efficiency at
a high Z-height Z2 for the further device resonator 1414. In some implementations, a controller
may switch between two different source resonators 1410 and 1412 depending on the size of
the device resonator. For example, source resonators 1410 and 1412 may be sized differently
such that they can transfer power efficiently to different sized device resonators. One of the
source resonators may be smaller than the other and therefore may be able to accommodate a
small device resonator. The larger of the two source resonators may be turned off to conserve
energy while the smaller source resonator may efficiently transfer energy to the small device
resonator.

[0075] In some implementations, and referring at least to Fig. 14D, two sides of an example
source resonator (front side 1418 and back side 1420) are shown that may be formed on a PCB.
In the example, the resonator may be able to transfer approximately, e.g., 16 W of power at a

Z-height of 5 mm. The resonator may include a distributed capacitance of, e.g., 220 pF £2%.
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In the example, the resulting charging area at a Z-height of 5 mm may be an area of, e.g., 160
mm by 150 mm.

[0076] In some implementations, and referring at least to Fig. 15, an example resonator
coil 1502 for a wireless energy source is shown. In the example, resonator coil 1502 may be
optimized for transferring power to a wireless device resonator approximately between and
including 26 mm and 46 mm in distance away from the surface of source resonator coil 1502
(e.g., in the Z-direction or out of the page). In some implementations, source resonator coil
1502 may be able to transfer greater than, e.g., 30 W of power. In some implementations,

source resonator coil 1502 may be made of two resonator coils placed in parallel or series.

Wireless Energy Transfer System with Crossover Tracing:

[0077] In some implementations, a source resonator coil may be shaped (e.g., via the
windings of the resonator coil) to achieve a uniform charging area. For example, a uniform
charging area may allow a device (via a device resonator) to be charged at similar power levels
throughout the charging area (via a source resonator). In another example, a uniform charging
area may allow for similar low loss rates throughout the charging area, thereby increasing
efficiency. As will be discussed in greater detail below, balancing currents throughout a coil
(e.g., with parallel windings) may help achieve a uniform charging area and magnetic field, as
well as creating a symmetric resonator coil.

[0078] As discussed above and referring also at least to Figs. 16-20, a wireless energy
transfer system may include a first resonator coil. For example, a wireless energy transfer
system may include a source resonator coil 1602, wherein source resonator coil 1602 may be
configured to transfer wircless energy to a second/device resonator coil (e.g., of a device
resonator) when source resonator coil 1602 is proximate to the device resonator coil. For
instance, as noted above, wireless energy transfer to a source resonator (e.g., coupled to a power
supply such as AC mains, battery, solar panels, etc.) and a device resonator (e.g., integrated
with mobile devices, enclosures, sleeves, cases, covers, chargers, ctc.) may be used to power

or charge the associated mobile electronic device. In some implementations, similar to the
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discussions of Fig. 11A, the source may include: a first layer of conductive material, wherein
the conductive material may be configured to be coupled to a power source; a second layer of
magnetic material positioned proximate to the first layer of conductive material and a third
layer; the third layer positioned proximate to the second layer and a fourth layer, where the
third layer may include a plurality of pieces of conductive material; the fourth layer positioned
proximate to the third layer, wherein the fourth layer may include source resonator coil 1602.
In some implementations, the third layer may include source resonator coil 1602; the fourth
layer positioned proximate to the third layer, wherein the fourth layer may include a plurality
of pieces of conductive material. In some implementations, the source may be configured
similarly to the above-noted discussions of Figs. 11A or 11B. However, it will be appreciated
that other combinations of source configurations may be used without departing from the scope
of the disclosure.

[0079] In some implementations, and referring at least to Fig. 16, a first winding of trace
(e.g., winding 1604) may be included in source resonator coil 1602, wherein winding 1604
may include conductive material. A second winding of trace (winding 1606) may be included
in source resonator coil 1602, wherein winding 1606 may include conductive material. In some
implementations, the trace of at least one of the first winding and second winding may include
copper coil for the conductive material.

[0080] In some implementations, windings 1604 and 1606 of the source resonator coil 1602
may be crossed, interleaved, or overlapped at a crossover point. In some implementations,
having a cross point in the coil windings may help balance currents throughout the coil with
parallel windings. For example, a portion of the trace for winding 1604 may cross over a portion
of the trace for winding 1606 at a crossover point (e.g., crossover point 1608a, 1608b, 1608c,
1608d, 1608e, 1608f, 1608g, and/or 1608h). In some implementations, crossing the windings
may help to balance or approximately equate the currents (in each winding) relative to one
another. Thus, in some implementations, the crossing of the coil windings may help achieve a
symmetric resonator coil, which may enable a more uniform magnetic field and charging area.

In some implementations, such as source resonator coil 1602, the windings of the coil may be
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evenly spaced to help achieve the uniform charging area. In some implementations, the
crossover points may be beneficial in containing the resonator coil in a plane. For example,
many source enclosures restrict the resonator coil to be in a flat and thin pad-like mechanical
enclosure such that it may have a low profile on a surface or be mounted below a table.

[0081] For example, source resonator coil 1602 may be able to transfer approximately 16
W of power at a Z-height of, e.g., 46 mm. The charging area that may result from this
implementation at a height of 46 mm may be an area of around, e.g., 140 mm by 120 mm. In
some implementations, two of the windings may be connected in parallel. For example,
windings 1604 and 1606 may be connected in parallel (e.g., winding 1604 may be connected
to 1610, and winding 1606 may be connected to 1612). In some implementations, the crossover
points may create a symmetrical resonator coil that creates a uniform magnetic field and
balances impedances along different paths for traces driven in parallel. In some
implementations, source resonator coil 1602 may include one or more capacitors connected to
windings at 1612 and 1610 to form a source resonator. In implementations, the source
resonator coil, such as the source resonator coil shown in Fig. 16, may have uniform spaces
between windings such that greater amount of conductive trace is used and therefore results in
a resonator coil with a greater quality factor.

[0082] In some implementations, a second portion of the trace for winding 1604 may cross
over a second portion of the trace for winding 1606 at a symmetrical crossover point. For
example, as can be scen at least from Fig. 16, windings 1604 and 1606 may be configured to
form multiple crossover points (e.g., crossover point 1608a, 1608b, 1608c, 1608d, 1608e,
1608f, 1608g, and/or 1608h). In the example, crossover point 1608d may be symmetrical to
crossover point 1608e. As another example, crossover point 1608b may be symmetrical to
crossover point 1608f. It will be appreciated that non-symmetrical crossover points may be
used without departing from the scope of the disclosure.

[0083] In some implementations, the crossover point may occur in a middle portion of
resonator coil 1602. For example, as can be seen at least at Fig. 16, the crossover points are

located in the middle portion of resonator coil 1602. By contrast, the crossover point may
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occur in an end portion of resonator coil 1602. For instance, and referring at least to Fig. 12A,
two crossover points are shown at the end portions of resonator coil 1202 along axis 1204.
That is, the two crossover points are shown at the elongated ends of resonator coil 1202. In
some implementations, the crossover points may be located at a combination of middle and
end portions of the resonator coil, as well as at any other portions of the resonator. As such,
the description of specific locations of crossover points should be taken as example only and
not to otherwise limit the scope of the disclosure.

[0084] In some implementations, and referring at least to Fig. 17, another example
resonator coil 1702 with crossover points is shown. For example, source resonator coil 1702
may be able to transfer approximately, e.g., 16 to 33 W of power at Z-height of, e.g., 6 mm. In
the example, the resulting charging area at a Z-height of 6 mm may be an area of, e.g., 300 mm
by 140 mm. In some implementations, resonator 1702 may include rounded and squared-off
shapes to help achieve a uniform magnetic field/charging area for a given charging area. In the
example, resonator coil 1702 includes two windings 1704 and 1706, connected in parallel (e.g.,
winding 1704 may be connected to 1708, and winding 1706 may be connected to 1710). Further
in the example, windings 1704 and 1706 may create crossover points (¢.g., crossover points
1712a, 1712b, 1712¢, as well as other non-labeled crossover points shown in Fig. 17). In some
implementations, source resonator coil 1702 may include one or more capacitors connected to
windings at 1710 and 1708.

[0085] In some implementations, and referring at least to Fig. 18, another example
resonator coil 1802 with crossover points is shown. For example, source resonator coil 1802
may be able to transfer approximately, e.g., 33 W of power at Z-height of, e.g., 26 mm and 46
mm. In the example, the resulting charging area at a Z-height of 26 mm may be an area of, e.g.,
220 mm by 150 mm. The resulting charging area at a Z-height of 46 mm may be an area of,
e.g., 210 mm by 140 mm. In some implementations, resonator coil 1802 may include two
windings 1804 and 1806 connected in parallel (e.g., winding 1804 may be connected to 1808,
and winding 1806 may be connected to 1810). Further in the example, windings 1804 and

1806 may create crossover points (e.g., crossover points 1812a, 1812b, 1812¢, as well as other
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non-labeled crossover points shown in Fig. 18). In some implementations, source resonator
coil 1802 may include one or more capacitors connected to windings at 1810 and 1808.

[0086] It will be appreciated that other resonator coil designs may use crossover points. For
instance, example resonator coil designs that may use crossover points are similarly shown in
the above-noted Figs. 12A, 12C, 12E, and 12G. Additional example resonator coil designs that
may use crossover points are shown at Fig. 19A and 19B, discussed below. As such, the
description of any particular resonator coil design using crossover points should be taken as
example only and not to otherwise limit the scope of the disclosure.

[0087] In some implementations, the portion of the trace for the first winding may cross
over the portion of the trace for the second winding at the crossover point with insulation
between the portion of the trace for the first winding and the portion of the trace for the second
winding. For instance, assume for example purposes only that the above-noted resonator coil
1602 from Fig. 16 is constructed on a single layer PCB. In the example, there may be insulation
between winding 1604 and 1606 at the crossover point (e.g., 1608a).

[0088] In some implementations, the first resonator coil may be printed on a PCB, wherein
the portion of the trace for the first winding may stop on a first side of the printed circuit board
at the crossover point and may continue on a second side of the printed circuit board, wherein
the portion of the trace for the second winding on the second side of the printed circuit board
may stop on the second side and may continue on the first side after the crossover point. In
some implementations, the portion of the trace for the first winding may cross over the portion
of the trace for the second winding at the crossover point using different layers of a PCB. For
instance, the portion of the trace for the first winding may stop on the first side of the portion
of the trace for the second winding on a first layer of a printed circuit board before reaching
the crossover point, and may continue on the second side of the portion of the trace for the
second winding on a second layer of the printed circuit board after reaching the crossover point.

[0089] For instance, and referring at least to Fig. 20, an example resonator coil 2002 is
shown. Assume for example purposes only that resonator coil 2002 is constructed on a two

layer PCB, with winding 2004 and 2006. In the example, winding 2004 may cross over
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winding 2006 by having the trace of winding 2004 stop at point 2008 on the top layer of the
PCB, and then continue at point 2010 on the bottom layer of the PCB (or vice versa).

[0090] It will be appreciated that other techniques to create crossover points may be used
without departing from the scope of the disclosure. As such, the example descriptions of
crossover techniques should be taken as example only and not to limit the scope of the

disclosure.

Wireless Energy Transfer System with Current Sensing:

[0091] Known current sensing techniques that may be used for wireless energy transfer
may, include, e.g., pickup loops around the trace or wire, Hall Effect sensors, current sense
transformers, current sense resistors, etc. These techniques may, e.g., have excessive loss and
power dissipation for the high current and high frequencies used in wireless energy transfer,
may have frequency restrictions used in wireless energy transfer, may be susceptible to
magnetic interference, may be expensive, and, assuming the techniques are incorporated in the
device itself, may add to the size of the overall devices for which the current is being measured.

[0092] Additionally, in measuring current in, e.g., a highly resonant wireless power transfer
system, high frequencies and harmonics of the current, as well as the magnetic field generated
by the source resonator may present challenges in using the above-noted methods. In some
implementations, as will be discussed in greater detail below, a Rogowski coil may be used as
part of a current sensor for wireless power transfer systems. Rogowski coils may have, e.g.,
high repeatability, an ability to reject influence from the magnetic field of the source resonator,
and an ability to determine root-mean-square (RMS) current from a voltage level output. The
measured coil (as well as the Rogowski coil) may be a conductor/conductive material or trace,
such as copper, copper-clad steel, Litz, and the like, and the measured coil may be driven with
a power source (e.g., an AC source).

[0093] In some implementations, as will be shown in greater detail below, a (differential)
current value of a conductor may be measured by routing the conductor through the inner

diameter D2 of the coil of conductive material. The conductor may be part of a resonator coil.
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For example, a current value of the resonator may be used, for example, for setting the magnetic
field level in order to transfer power wirelessly, and as such, it may be useful to know its value.
In some implementations, the current measurement may be measured on a source resonator as
a confirmation of the current levels and may be used as a feedback to control circuitry. For
example, control circuitry may turn up or turn down power supplied to the source resonator in
response to a feedback signal from the current sensor. In some implementations, the
magnitude/amplitude value and phase value relationships of the (e.g., AC) current
measurements may be used to measure impedance changes with the example disclosed current
sensing system(s). Other uses for the current measurement may be used as well.

[0094] Rogowski coils as current sensors may be used for low frequency applications, such
as 50-60 Hz for, e.g., power grid applications. Similarly, the above-noted methods of
measuring current may fail when applied to signals greater than 1IMHz. They may also fail
when placed in a magnetically noisy environment, such as those provided in (highly resonant)
wireless energy transfer systems. Thus, in some implementations, the example current sensor
may allow for, e.g., measuring the high frequency current while rejecting magnetic interference
on the sensor, may be easily repeatable from a manufacturing standpoint and have the capability
of withstanding tolerances in manufacturing, and may include a parallel resonant filter or
balanced filter to remove harmonic content and/or common-mode voltage in the measured
signal. As will be discussed in greater detail below, in some implementations, the current
sensor with the filter as a current sensor may be produced on a printed circuit board (PCB),
e.g., for a wireless energy transfer system, and (1) may reject magnetic field effects from the
wireless energy transfer source resonator, (2) may be unaffected by DC offset in measured
current, (3) may include the ability to measure high frequency currents, (4) may not have the
problem of core saturation due to the lack of a magnetic material core, (5) may enable
harmonics to be attenuated in the current signal due to the filter, (6) may not present a noticeable
impedance shift or insertion loss on the source resonator, (7) may be highly repeatable from a
manufacturing standpoint, (8) may be a small and low cost design since many of the

components, such as the Rogowski coil itself, may be made via traces in the layers of the PCB,
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(9) may not result in significant change in the capabilities of the sensor due to mechanical
variation, and (10) may enable an output that is a scaled voltage and easily measured.

[0095] As discussed above, and referring also at least to Figs. 21-26, a current sensing
system for wireless energy transfer may include a printed circuit board (PCB), wherein the
printed circuit board may include at least a first layer, a second layer, and a third layer. A loop
of conductive material may be included, wherein the loop of conductive material may include
a diameter D3 on the second layer. A coil of conductive material may be included, wherein the
coil of conductive material may have at least 2 turns, wherein the coil of conductive material
(e.g., a majority of the coil of conductive material) may occupy the first layer and the third
layer with an outer diameter D1 and an inner diameter D2, connected through each of the first,
second, and third layers. The loop of conductive material may be coupled to the coil of
conductive material.

[0096] For example, and referring at least to Figs. 21-22, a coil of the current sensor (e.g.,
current sensor coil 2102) may be designed to maximize the number of turns in the area, as well
as maximize of the area of the coil itself. In the non-limiting example, current sensor coil 2102
may have, e.g., 17 turns, with an outer diameter D1 of, e.g., 400 mm and an inner diameter D2
of, e.g., 200 mm. In some implementations, a loop of conductive material may be included,
wherein the loop of conductive material may include a diameter D3 on the second layer. For
example, current sensor coil 2102 may include a loop of conductive material (e.g., one or more
internal coils 2106 and 2108). The inner diameter D2 may be greater than the space available
for the measured conductor, for example, the diameter D4 of hole 2104. In some
implementations, the “footprint” or outer area may be kept small in order to be a practical sized
sensor on a small-sized PCB. In some implementations, the sensor may be sized such that it
may be created on the same PCB as the conductor being measured (e.g., the source resonator
coil). In some implementations, the loop of conductive material and the coil of conductive
material may form a Rogowski coil. For example, the Rogowski coil may be formed by the
loop of conductive material and the coil of conductive material, where the loop may be

connected to the coil at an end-point via (not shown in Fig. 22). In the example, the Rogowski
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coil may occupy all layers of the PCB.

[0097] In some implementations, current sensor coil 2102 may be designed to mainly
occupy the top 2204 and bottom 2210 layers of a PCB as well as two inner layers 2206 and
2208, which may enable the closing of current sensor coil 2102 in around itself. In some
implementations, a coil of conductive material may be included, such as coil windings 2110
and 2112, which may have at least 2 turns. In some implementations, the coil of conductive
material may have at least 15 turns. In some implementations, a majority of coil windings 2110
and 2112 may occupy the first layer and the third layer with an outer diameter D1 and an inner
diameter D2, connected through each of the first, second, and third layers of the PCB. For
example, the connection may occur in the via that appears to be only connected to the coil on
the bottom right hand side. The outer coil and the inner loop may be connected and may not
actually complete an entire loop as they may return instead to where they started. One or more
internal portions of coils 2106 and 2108 may be coupled to coil windings 2110 and 2112. In
some implementations, the result of coil windings 2110 and 2112, as well as the associated vias
for respective layers 2204, 2206, 2208, 2210 may effectively be toroidal in shape. Current
sensor coil 2102 may be configured with at least one of a straight return and a balanced winding
(e.g., for the return loop of conductive material). For example, an example of the straight return
is shown in Fig. 21. As shown in example Fig. 21, the loop on the inner layer does not wind
or interleave with the coil on the outer two layers, therefore showing a straight return (e.g., no
interleaving or winding). It returns straight back to the starting point where the connection
may be made. By contrast, a balanced winding may occur when forward and reverse paths
wind around each other so that it becomes balanced, and where one path may not be shorter
than the other. The balanced winding may be interwoven with the original coil. The loop and
the coil may connect at an end point via in such a way that a complete “connected” loop is not
made. The coil may be configured with a balanced winding return loop of conductive material,
where the conductive material may occupy the first and third layer in a way that avoids
interference with the coil of conductive material on the same layers. The balanced winding

return loop may have outer diameter of D1 and an inner diameter of D2. In the example, the
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measurement may be proportional to the differential of the current (instead of being directly
proportional to the current).

[0098] In some implementations, top trace of coil winding 2110 may occupy first layer
2204, the second trace of internal coil 2106 may occupy second layer 2206, the third trace of
internal coil 2108 may occupy third layer 2208, and the bottom trace of coil winding 2112 may
occupy fourth layer 2210. In some implementations, various other layer PCBs may be used
without departing from the scope of the disclosure. For instance, a four-layer PCB may be
more available for manufacture and thus chosen over a three-layer PCB. In some
implementations, the fourth layer may be positioned proximate to the second and third layers,
wherein the fourth layer may include an additional loop of conductive material (e.g., one or
more of the internal coils 2106 and 2108) coupled to at least one of the one or more internal
coils 2106 and 2108 and the coil of conductive material (e.g., coil windings 2110 and 2112),
wherein the additional circular loop of conductive material may have a diameter D3 on the
fourth layer.

[0099] In some implementations, second and third traces of internal coils 2106 and 2108
may occupy equal vertical space in a cross-section of a four-layer PCB or may be combined
into a single trace in the case of a three-layer PCB. In some implementations, current sensor
coil 2102 may occupy only three layers of the PCB, with top trace of coil winding 2110
occupying a first layer, the second trace of internal coil 2106 occupying a second layer, and the
bottom trace of coil winding 2112 occupying a third layer. The approximate area 2212 covered
by sensor coil 2102 may be given by taking the difference between the greater diameter D1 and
the smaller diameter D2, and multiplying it by height 2202. Height 2202 is shown by example
as the thickness of the PCB, but the dielectric material has been made transparent. Height 2202
may also be described as the distance between the top and bottom layer of current sensor coil
2102 if current sensor coil 2102 does not occupy the entire PCB stack-up. On the other hand,
if it does occupy the entire stack-up, then height 2202 may be equivalent to the thickness of the
PCB.

[00100] In some implementations, current sensor coil 2102 may be able measure
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currents with frequencies within the approximate range of, e.g., 85 kHz to 20 MHz. In some
implementations, e.g., for lower frequencies, current sensor coil 2102 may be designed to have
more turns and more area 2212 to achieve a measurable output voltage. In some
implementations, areca 2212 may be the loop area of the initial coil winding that wraps around
the internal straight return. The loop area may be dictated by, e.g., the thickness of the PCB
(e.g., height 2202) and the inner and outer diameters (D1 and D2). In some implementations,
the upper range of frequencies current sensor coil 2102 may measure may be determined by
the self-resonant frequency of the current sensor (as shown in Fig. 24 and represented by L1
and C4 as modeling the (Rogowski) sensor self-resonant frequency). In some implementations,
a current carrier on a PCB may be measured using this type of current sensor by, e.g., increasing
the number layers of the PCB. For example, in a six-layer PCB, the current carrier may occupy
the first and last layer by travelling vertically through all six-layers, while the current sensor
may occupy the center four-layers of the six-layer PCB and wind around the current carrier.

[00101] In some implementations, and referring at least to Fig. 23, example empirical
measurements for the measured coil current output is shown. In the non-limiting example,
waveform 2304 may be the coil current measured and waveform 2302 may be the output
voltage of current sensor coil 2102. In the example measurement, the RMS value of the coil
current is 998.8 mA and the RMS value of the output voltage of current sensor coil 2102 is
302.2 mV. These values may be used (e.g., correlated for best accuracy or relative if not) in
order to regulate the magnetic field level. Regulating the current based on receiving devices
may also allow wider variations in coupling to have smaller ranges of voltage, since the voltage
output levels may be proportional to the current levels (and hence magnetic field levels). This
is one example. Other example uses may be to ensure safe magnetic field levels, detect
impedance changes or other changes that may change the coil current, etc. Using the coil
current phases and magnitudes of the multiple currents in its associated matching network may
also be used to detect impedance at the coil.

[00102] In some implementations, a wire (which may be connected to a node in a

resonant tank or to one of the nodes of a resonator coil) may pass through a hole in the center
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of current sensor coil 2102 embedded in the PCB. In some implementations, a parallel resonant
circuit may be included and may remove harmonic content. For example, current sensor coil
2102 may be tuned with a resonant filter specifically targeted to minimize the harmonics in the
measurement, and the output of the sensor coil may be connected to measurement circuitry. In
some implementations, a balanced filter circuit may be included and may remove harmonic
content and/or common-mode voltage. In some implementations, the measurement circuitry
may filter and scale the signal in order to be more easily read by a microprocessor, which may
access the measurement of current sensor coil 2102.

[00103] For example, and referring at least to Fig. 24, an example schematic of a current
sensor, as well as the circuits that may be used to interface with the current sensor, is shown.
In the example, the current sensor 2402 may be modeled by an inductance L1 and a capacitance
C4 that may be intrinsic to the sensor coil. R3, R4, L2 and C1 may be discrete circuit
components; L2 and C1 may be a resonant circuit that may have the same resonant frequency
of the measured current. In the example, current sensor 2402 may be passive and the voltage
source V1 may be a model of the magnetic field that the current sensor sits in. In some
implementations, a differential amplifier with a voltage output may be included. For instance,
an integrating amplifier with differential input and a single-ended voltage output may be
included. For example, current sensor 2402 may be connected to a differential amplifier 2404
that may have a single voltage output. Components R1 and R2 may be designed to load
differential amplifier 2404. In some implementations, peak detector circuitry may be included
and may include an operational amplifier to track a peak of the voltage output and determine a
measured (differential) current value of a conductor. For example, circuitry 2406 may include
an operational amplifier that may be used as a peak detector, which may track the peak of the
output voltage and may determine the measured coil current.

[00104] In some implementations, and referring at least to Figs. 21 through 26, another
example schematic of a current sensor, as well as the circuits that may be used to interface with
the current sensor, are shown. In the example, the size range may include, e.g., D1 =0.375 to

0.8 inches, D2 = 0.19 to 0.4 inches, with D3 centered in the middle of D1 and D2, and where
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D4 may be dependent on desired wire gauge and may be irrelevant to operation. In some
implementations, the number of turns of the coil may range from approximately 16 to 36.
However, it will be appreciated that this may be a small subset of what may be built. These
variables may be dependent on desired frequency range, current range, etc.

[00105] The associated circuitry in Fig. 25 may be configured as a balanced differential
amplifier, that may be configured with integration, may be followed by a secondary gain stage
(if necessary), and may be terminated by an RF power measurement chip that may output a
voltage relative to the peak input voltage. As seen in the example, the two terminals on the left
(2502 and 2504) may come directly from a current sensor coil, and the terminal on the right
may terminate at the microprocessor.

[00106] In some implementations, and referring at least to Figs. 24 and 26, example
empirical results 2600 of a current sensor coil is shown. The measurements shown may be
taken at the output of the peak detector circuitry (e.g., circuitry 2406) at different measured AC
current levels.

[00107] Insome implementations, a relationship may be established to predict the output
voltage of a given design of the current sensor coil. For example, the relationship may be given
by:

Vout = -C *uo *ur ¥* N * A * (di/dt),

[00108] where C is a constant accounting for the PCB, uo * u; is the permeability of the
material between the current sensor coil and the current carrier being measured, N is the turn
density (e.g., turns per meter) of the current sensor coil, 4 is the cross-sectional area of the
current sensor coil (given by 2212 in Fig. 22), and (di/dt) is the rate of change of the current
being measured. In some implementations, e.g., where the current is a sine wave, the rate of
change may be a sine wave. For other types of waves, such as square waves, integration
clectronics may be required.

[00109] In some implementations, the measured current may be found from the output
voltage by first empirically measuring current levels of the conductor and corresponding output

voltages of the current sensor, and creating a reference table.
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[00110] While the above disclosure may use examples of mobile electronic devices, it
will be appreciated that any type of electronic device may be used without departing from the
scope of the disclosure. As such, any examples of using mobile electronic devices should be
taken as example only and not to otherwise limit the scope of the disclosure.

[00111] The terminology used herein is for the purpose of describing particular
implementations only and is not intended to be limiting of the disclosure. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms "comprises"
and/or "comprising,” when used in this specification, specify the presence of stated features,
integers, steps (not necessarily in a particular order), operations, elements, and/or components,
but do not preclude the presence or addition of one or more other features, integers, steps (not
necessarily in a particular order), operations, elements, components, and/or groups thereof.

[00112] The corresponding structures, materials, acts, and equivalents of all means or
step plus function elements that may be in the claims below are intended to include any
structure, material, or act for performing the function in combination with other claimed
elements as specifically claimed. The description of the present disclosure has been presented
for purposes of illustration and description, but is not intended to be exhaustive or limited to
the disclosure in the form disclosed. Many modifications, variations, substitutions, and any
combinations thereof will be apparent to those of ordinary skill in the art without departing
from the scope and spirit of the disclosure. The implementation(s) were chosen and described
in order to best explain the principles of the disclosure and the practical application, and to
enable others of ordinary skill in the art to understand the disclosure for various
implementation(s) with various modifications and/or any combinations of implementation(s)
as are suited to the particular use contemplated.

[00113] Having thus described the disclosure of the present application in detail and by
reference to implementation(s) thereof, it will be apparent that modifications, variations, and
any combinations of implementation(s) (including any modifications, variations, substitutions,

and combinations thereof) are possible without departing from the scope of the disclosure
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defined in the appended claims.
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What Is Claimed Is:

L. A wireless energy transfer system comprising:

a first layer of conductive material positioned proximate to a second layer;

the second layer of magnetic material positioned proximate to the first layer of
conductive material and a third layer;

the third layer positioned proximate to the second layer and a fourth layer, the third
layer includes a first resonator coil, wherein the first resonator coil is configured to transfer
wireless energy to a second resonator coil when the second resonator coil is proximate to the
first resonator coil; and

the fourth layer positioned proximate to the third layer, wherein the fourth layer

includes a plurality of conductive material.

2. The system of claim 1 wherein at least one of a size, a shape, and a geometric position
of the plurality of pieces of conductive material reduces inductance shifting in the second

resonator coil when the first resonator coil is proximate to the second resonator coil.

3. The system of claim 2 wherein the shape is a rectangle.
4. The system of claim 2 wherein the shape is a square.
5. The system of claim 2 wherein at least a first portion of the plurality of pieces of the

conductive material is a first shape, and wherein at least a second portion of the plurality of

pieces of the conductive material is a second shape.

6. The system of claim 2 wherein at least a portion of the plurality of pieces of the

conductive material are arranged in a checkered pattern relative to the first resonator coil.
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7. The system of claim 1 wherein the first resonator coil includes copper trace.
8. The system of claim 1 wherein the magnetic material includes ferrite.
9. The system of claim 1 wherein the plurality of pieces of conductive material of the

fourth layer includes copper.

10.  The system of claim 1 wherein the first layer of conductive material includes copper.

11.  The system of claim 1 wherein the first layer is configured to be coupled to a surface

of a mobile battery unit.

12. The system of claim 1 wherein the magnetic material has a thickness less than 1 mm.
13. The system of claim 1 wherein the magnetic material has a thickness less than 0.5 mm.
14. The system of claim 1 wherein the first resonator coil is configured to transfer at least

5 W of energy to the second resonator coil.

15. The system of claim 1 wherein the first resonator coil is configured to transfer at least

10 W of energy to the second resonator coil.

16. A wireless energy transfer system comprising:

a first layer of conductive material positioned proximate to the second layer;

the second layer of magnetic material positioned proximate to the first layer of
conductive material and a third layer;

the third layer positioned proximate to the second layer and a fourth layer, wherein the

third layer includes a plurality of pieces of conductive material; and
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the fourth layer positioned proximate to the third layer, the fourth layer includes a first
resonator coil, wherein the first resonator coil is configured to transfer wireless energy to a

second resonator coil when the second resonator coil is proximate to the first resonator coil.

17. The system of claim 16 wherein at least one of a size, a shape, and a geometric position
of the plurality of pieces of conductive material reduces inductance shifting in the second

resonator when the first resonator is proximate to the second resonator.
18. The system of claim 17 wherein at least a first portion of the plurality of pieces of the
conductive material is a first shape, and wherein at least a second portion of the plurality of

pieces of the conductive material is a second shape.

19. The system of claim 17 wherein at least a portion of the plurality of pieces of the

conductive material are arranged in a checkered pattern relative to the first resonator.

20. The system of claim 16 wherein the plurality of pieces of conductive material of the

fourth layer includes copper.
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21. A resonator for a wireless energy transfer system comprising:

a first resonator coil, wherein the first resonator coil is configured to transfer wireless
energy to a second resonator coil when the first resonator coil is proximate to the second
resonator coil;

a first winding of trace in the first resonator coil, wherein the first winding of trace
includes conductive material;

a second winding of trace in the first resonator coil, wherein the second winding of trace
includes conductive material; and

wherein a portion of the trace of the first winding crosses over a portion of the trace of

the second winding at a crossover point.

22. The resonator of claim 21 wherein the portion of the trace for the first winding crosses
over the portion of the trace for the second winding at the crossover point without physical
contact between the portion of the trace for the first winding and the portion of the trace for the

second winding.

23. The resonator of claim 22 wherein the first resonator coil is printed on a printed circuit
board, wherein the portion of the trace for the first winding stops on a first side of the printed
circuit board at the crossover point and continues on a second side of the printed circuit board,
wherein the portion of the trace for the second winding on the second side of the printed circuit

board stops on the second side and continues on the first side after the crossover point.

24, The resonator of claim 23 wherein the portion of the trace for the first winding stops on
the first side of the portion of the trace for the second winding on a first layer of a printed circuit
board before reaching the crossover point, and continues on the second side of the portion of
the trace for the second winding on a second layer of the printed circuit board after reaching

the crossover point.
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25. The resonator of claim 21 wherein a second portion of the trace for the first winding
crosses over a second portion of the trace for the second winding at a symmetrical crossover

point.

26. The resonator of claim 21 wherein the crossover point occurs in a middle portion of the

first resonator coil.

27. The resonator of claim 21 wherein the crossover point occurs in an end portion of the

first resonator coil.

28. The resonator of claim 21 wherein the trace of at least one of the first winding and

second winding includes copper coil.

29. The resonator of claim 21 further comprising:
a first layer of conductive material positioned proximate to the second layer;
the second layer of magnetic material positioned proximate to the first layer of
conductive material and a third layer;
the third layer positioned proximate to the second layer and a fourth layer,
wherein the third layer includes a first resonator coil; and
the fourth layer positioned proximate to the third layer, the fourth layer

including a plurality of pieces of conductive material.

30. A wireless energy transfer system comprising:
a first layer of conductive material positioned proximate to a second layer;
the second layer of magnetic material positioned proximate to the first layer of
conductive material and a third layer;
the third layer positioned proximate to the second layer and a fourth layer,

wherein the third layer includes a first resonator coil, wherein the first resonator coil is
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configured to transfer wireless energy to a second resonator coil when the first resonator
coil is proximate to the second resonator coil, wherein the first resonator coil includes,
a first winding of trace in the first resonator coil, wherein the first
winding of trace includes conductive material;
a second winding of trace in the first resonator coil, wherein the second
winding of trace includes conductive material;
wherein a portion of the trace for the first winding crosses over a portion
of the trace for the second winding at a crossover point; and

wherein the fourth layer includes a plurality of pieces of conductive material.

31. The system of claim 30 wherein the portion of the trace for the first winding crosses
over the portion of the trace for the second winding at the crossover point without physical
contact between the portion of the trace for the first winding and the portion of the trace for the

second winding.

32. The system of claim 31 wherein the portion of the trace for the first winding stops on
the first side of the portion of the trace for the second winding on a first layer of a printed circuit
board before reaching the crossover point, and continues on the second side of the portion of
the trace for the second winding on a second layer of the printed circuit board after reaching

the crossover point.
33.  The system of claim 30 wherein a second portion of the trace for the first winding
crosses over a second portion of the trace for the second winding at a symmetrical crossover

point.

34.  The system of claim 30 wherein the crossover point occurs in a middle portion of the

first resonator coil.
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35.  The system of claim 30 wherein the crossover point occurs in an end portion of the first

resonator coil.

36. The system of claim 30 wherein the trace of at least one of the first winding and second

winding is copper.

37.  The system of claim 30 wherein at least one of a size, a shape, and a geometric position

of the plurality of pieces of conductive material reduces inductance shifting in the second

resonator when the second resonator coil is proximate to the first resonator coil.
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38.

39.

A current sensing system comprising:

a printed circuit board, wherein the printed circuit board includes at least a first
layer, a second layer, and a third layer;

a loop of conductive material, wherein the loop of conductive material includes
a diameter D3 on the second layer; and

a coil of conductive material, wherein the coil of conductive material has at least
2 turns;

wherein the coil of conductive material occupies the first layer and the third
layer with an outer diameter D1 and an inner diameter D2, connected through each of
the first, second, and third layers;

wherein the loop of conductive material is coupled to the coil of conductive

material.

The system of claim 38 wherein a current value of a conductor is measured by routing

the conductor through the inner diameter D2 of the coil of conductive material.

40.

41.

The system of claim 39 wherein the conductor is part of a resonator coil.

The system of claim 38 further comprising a parallel resonant circuit to remove

harmonic content.

42.

output.

43.

The system of claim 38 further comprising a differential amplifier with a voltage

The system of claim 42 further comprising peak detector circuitry including an

operational amplifier to track a peak of the voltage output and determine a measured current

value of a conductor.
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44, The system of claim 38 further comprising a fourth layer proximate to the second and
third layers, wherein the fourth layer includes an additional loop of conductive material coupled
to at least one of the loop of conductive material and the coil of conductive material, wherein

the additional circular loop of conductive material has a diameter D3 on the fourth layer.

45. The system of claim 38 wherein the coil of conductive material includes copper trace.

46.  The system of claim 38 wherein the coil of conductive material is configured with at

least one of a straight return and a balanced winding.

47. The system of claim 38 wherein currents with frequencies within a range of 85 kHz to

20 MHz are configured to be measured.

48. The system of claim 38 wherein the coil of conductive material has at least 15 turns.

49. A method of sensing current comprising:

driving a conductor with alternating current; and

measuring an amplitude value and phase value of the alternating current using the

current sensing system of claim 38.
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